The aug-cc-pVnZ-F12 basis set family: Correlation consistent basis sets for explicitly correlated benchmark calculations on anions and noncovalent complexes The Journal of Chemical Physics 147, 134106 (2017) (2006)], while the all-electron sets utilized second-order DKH Hamiltonians for 4s and 5s elements and third-order DKH for 6s and 7s. The accuracy of the basis sets is assessed through benchmark calculations at the coupled-cluster level of theory for both atomic and molecular properties. Not surprisingly, it is found that outer-core correlation is vital for accurate calculation of the thermodynamic and spectroscopic properties of diatomic molecules containing these elements.
I. INTRODUCTION
Molecular electronic structure calculations are typically carried out using one-particle basis sets of Gaussian-type functions, and the incompleteness of this basis can be a major source of error. [1] [2] [3] Simply addressing this problem by using the largest possible basis results in poor efficiency and is restrictive in terms of tractable system size; hence, families of basis sets that systematically approach the complete basis set (CBS) limit have been developed. This behavior can then be exploited by extrapolating results in, for example, the maximum angular momentum found in the basis (see Refs. 4 and 5, and references therein). For highly correlated wave function based methods, a common choice is the correlation consistent (cc) basis sets originally introduced by Dunning, 6 which are energy optimized and use general contraction schemes for functions describing occupied orbitals. Although cc basis sets are available for nearly all elements in the periodic table, for the alkali (group 1) and alkaline earth (group 2) metals, all-electron cc basis sets are only available for Li, Be, Na, Mg, and Ca. 7, 8 The present contribution focuses on the heavier s-block elements, extending cc basis set coverage to the entire block. It should be noted that preliminary cc sets paired to pseudopotentials (PPs) for the alkaline earth metals Ca, Sr, Ba, and Ra have been briefly reported in Ref. 9 , these sets have been subject to minor revision herein and are described and validated in significant detail. a) Electronic addresses: grant.hill@sheffield.ac.uk and kipeters@wsu.edu Molecules containing heavier alkali and alkaline earth metals are currently of interest due to possible applications within the field of ultracold (<1 mK) chemistry. In addition to quantum controlled chemistry, where ultracold conditions and external fields allow specific reactions to be carried out, 10 such molecules could also be invaluable in quantum information processing or portable atomic/molecular clocks. 11, 12 Some examples of recent developments in the field include the production of ultracold RbCs, 13 the laser cooling of CaF, 14 and interspecies Penning ionization. 15 In addition to sophisticated experiments, theoretical work is fundamental to developing a greater understanding of the behavior of atoms and molecules in the ultracold regime. For example, the calculation of accurate potential energy surfaces directs experimental effort in using stimulated Raman adiabatic passage to produce ultracold molecules. 16 Several of these elements are also of interest in nuclear chemistry, such as Cs playing a role in the nuclear fuel cycle, and both Fr and Ra are found in uranium ores.
There are very few existing basis sets for the 7s (Fr and Ra) elements, especially when considering only those designed for correlated calculations. Sets paired to PPs are restricted to the CRENBL set of Christiansen and co-workers 17 and the roughly quadruple-zeta quality ECP78MDF set of Lim et al. 18, 19 For all-electron calculations, the atomic natural orbital (ANO) basis sets of Roos and co-workers, 20 denoted ANO-RCC, the Dirac-Coulomb relativistic correlation consistent sets of Dyall, 21 and the Sapporo natural orbital based segmented contracted Gaussian (NOSeC) sets of Noro et al. are available in a range of sizes from DZ to QZ. 22 The former are designed for use with the second-order Douglas-Kroll-Hess (DKH) Hamiltonian and the latter for third-order DKH. In addition to the above basis sets, there are a number of notable sets available for the 4s-6s s-block elements. Those paired to PPs include the Los Alamos National Laboratory (LANL) double zeta basis, denoted LANL2DZ, 23 and the uncontracted revised basis LANL08. 24 The segmented contracted DZ through QZ quality sets of Weigend and Ahlrichs (often referred to as the def2 family of basis sets) are paired to Wood-Boring type PPs for the 5s and 6s elements, with all-electron sets for 4s. 25 More recently, these sets for 5s and 6s were reoptimized for DiracFock PPs and are denoted dhf-n(Z)VP. 26 All-electron scalar relativistic sets for use with the eXact 2-Component (X2C) Hamiltonian, 27, 28 which act as counterparts to the def2 basis sets, are also available at DZ and TZ quality. 29 In the present work, correlation consistent basis sets are presented for the heavy group 1 (K, Rb, Cs, and Fr) and group 2 (Ca, Sr, Ba, and Ra) atoms. A series of basis sets paired to the small-core pseudopotentials of Lim et al. 18, 19 are denoted cc-pVnZ-PP (n = D, T, Q, 5), and a separate series of allelectron basis sets ranging from double-to quadruple-zeta in quality are also described. The latter have been contracted for use with the DKH Hamiltonian (basis sets denoted cc-pVnZ-DK for 2nd-order DKH and cc-pVnZ-DK3 for 3rd order) and for the X2C Hamiltonian (cc-pVnZ-X2C). In addition to the above sets optimized for the treatment of valence (ms) electron correlation, sets for the recovery of the (m1)sp correlation effects are also presented.
II. GENERAL COMPUTATIONAL DETAILS
The molpro system of ab initio programs was used for all calculations in this work, 30, 31 together with pure spherical harmonic angular momentum basis functions. All orbitals from HF calculations were symmetry equivalenced, generally through a state-averaged multiconfigurational self-consistent field (MCSCF) approach. Basis sets in this work that are paired to pseudopotentials (PPs) use the small core, multiconfiguration Dirac-Hartree-Fock-adjusted parameters of Lim et al., 18, 19 which replace 10 electrons for K and Ca, 28 electrons for Rb and Sr, 46 electrons for Cs and Ba, and 78 electrons for Fr and Ra.
III. BASIS SET DEVELOPMENT

A. Hartree-Fock primitive sets
Just as in the correlation consistent basis sets for the lighter group 1 and 2 elements, 7 the exponents of the s functions within the HF primitives paired to PPs were optimized for the electronic ground state of the neutral atoms. The p functions for group 1 and 2 elements were optimized for the 2 P and 3 P excited states, respectively. For the group 2 elements, exponents of d functions were optimized for the excited 3 D state. Attempts to optimize d functions in an analogous fashion for group 1 (i.e., for the 2 D state at the HF level) led to exponents that were too diffuse. Initial testing demonstrated that a relatively tight, contracted HF-like d function was, however, necessary for a reasonable description of the spectroscopic properties of group 1 diatomic molecules. The exponents of the d primitives in this case were hence optimized at the CCSD level for the homonuclear diatomic molecule. Using an iterative procedure as in Ref. 32 , two of the exponents were optimized for core-valence correlation (including all electrons not replaced by the PP), while the remaining exponents were optimized concurrently with only the outermost s electrons (defined as valence herein) correlated. The only exceptions were for K with zeta levels greater than two, when three corevalence exponents were required. The compositions of the resulting HF primitive sets are provided in the supplementary material. These primitive sets were then contracted to [2s2p1d] in a general contraction scheme using atomic orbital coefficients. The s and first p contraction coefficients were determined for the ground state, while the coefficients for the remaining contractions were taken from different states: the second (valence) p for the lowest lying 2 P or 3 P states (for group 1 and 2, respectively), and the d from the 2 D or 3 D states.
The HF primitives for the all-electron basis sets took the primitives of Dyall 21 as a starting point, which were optimized in 4-component Dirac-Hartree-Fock calculations using the Dirac-Coulomb Hamiltonian and a finite nucleus model. In particular, the latter avoids the exceedingly large exponents that arise in optimizations with the typical point charge model. In a similar fashion to the lanthanide correlation consistent basis sets, 33 the innermost exponents of the s and p functions from Dyall's sets were kept fixed for K and Ca, innermost s, p, and d for Rb, Sr, Cs, and Ba, and the innermost s, p, d, and f for Fr and Ra. The exponents roughly corresponding to the outer two radial maxima of the valence orbitals were then reoptimized at the HF level; this typically corresponded to the five most diffuse exponents in each shell at DZ, seven at TZ, and nine at QZ. All of these exponents were reoptimized using a point charge nucleus model. For K-Sr, the second-order DKH Hamiltonian (DKH2) was used, with Cs-Ra using the thirdorder DKH Hamiltonian (DKH3). This choice is based upon previous work demonstrating that for elements beyond Z = 81, third-order DKH or greater should be used, 34, 35 as well as to treat elements within a given row of the periodic table equally. DKH basis sets for Ca have been developed previously and briefly reported in Ref. 8 , but the decision was taken to produce new sets for Ca such that every all-electron scalar relativistic correlation consistent basis set for the heavy group 1 and 2 elements is consistent in design, development, and optimization. In all cases, the exponents of the s and d functions (the latter not for K and Ca) were optimized for the ground states, with the p functions optimized for the 2 P or 3 P states. An additional single set of diffuse p functions (optimized for the 2 P state) were added for group 1 elements, with the exceptions of all K sets and the QZ set for Fr. To describe the relatively low-lying 2 D or 3 D states, three or four additional diffuse d functions were also added. For group 2 elements, these functions were optimized for the 3 D state at the HF level, while for group 1 elements, optimizations were carried out for the homonuclear diatomic at the CCSD level in a similar fashion to the PP based sets. The compositions of the primitive sets are tabulated in the supplementary material, and these primitives were then contracted, using a general contraction scheme, using two different methods: the appropriate order DKH 
B. Correlating functions-Valence correlation
As group 1 elements possess only a single valence electron, it is not possible to use atomic energies for the optimization of valence correlating functions. Instead the homonuclear diatomics have been used for group 1 unless otherwise stated. It was also found that more reliable valence correlating functions were obtained for the heavy group 2 elements by employing optimizations on the metal hydrides. To determine the correlation consistent groupings of higher angular momentum functions, coupled cluster singles and doubles (CCSD) optimizations were carried out with the PP-based contracted 5Z HF primitives described above for Ca, Sr, Ba, and Ra. Even-tempered expansions were used to reduce the number of optimization variables in each shell to two. 36 Figure 1 shows the incremental correlation energy lowering from adding successive functions in each shell for the Ba atom. Analogous plots for the other elements displayed the same trends and are not reproduced here. In addition to the contracted HF functions, the Ba and Ra basis sets also had a single fixed tight-f function that is described in detail below.
The pattern of the correlation energy recovery displayed in Fig. 1 investigation. A close examination of the incremental correlation energies suggests that alternative groupings could also be made as, for example, the first g function contributes approximately the same amount of correlation energy as the second d function and could be included in a TZ set. A decision was taken in this work to adopt the same groupings as in the p-block elements, 6, 37 both to ensure balanced descriptions of different atoms and to prevent unnecessarily high computational cost.
With correlation consistent groupings established, exponents for each shell could then be optimized. For s, p, and d functions, it was possible to obtain these from the HF primitive sets, in the manner described below. For the 6s and 7s elements, it was necessary to include a contracted tight-f function at TZ or higher level to provide inner-shell polarization. The exponents within the contraction were optimized for the metal hydride (using the cc-pVQZ basis for hydrogen). For 7s elements with PP based sets, this meant concurrently optimizing two exponents for core-valence (6s6p+7s) and one for valence only (2/1) at the TZ level, 3/1at QZ, and 4/1 at 5Z. For 6s elements, the analogous pattern was 3/1 (TZ), 4/1 (QZ), and 5/1 (5Z). The resulting exponents were then contracted using atomic natural orbital coefficients calculated at the configuration interaction singles and doubles (CISD) level of theory. 38 In addition to the contracted f-type function, the required number of f-type correlating functions was also included by uncontracting the most diffuse primitives. A similar process was undertaken for the all-electron basis sets, with the major exception that ftype functions for 7s elements were added to the previously optimized HF f-type primitives, and that the CISD ANO coefficients were calculated by correlating only the 6sp and 7s electrons.
Following previous correlation consistent basis sets, 6 the correlating functions for s, p, and d angular momenta use the same exponents as the primitives within the HF sets, i.e., a number of functions are uncontracted in a way that strikes a balance between the errors in the HF and correlation energies (the latter evaluated from the energy calculated using fully optimized functions). An additional s function was also uncontracted for the PP-based sets as single uncontracted primitive functions recover less correlation energy when using PPs than in the all-electron case. 37, 39, 40 This was also tested for p functions, but the incremental correlation energy lowering was small and extra uncontracted p primitives were not included in the current case. The resulting total correlating functions uncontracted from the HF primitives for the PP based sets were (2s1p1d), (3s2p2d), (4s3p3d), and (5s4p4d) for DZ-5Z, respectively. The final compositions of the valence correlating basis sets developed in this work are presented in Table  I for the cc-pVnZ-PP sets and in Table S3 in the supplementary material for the all-electron scalar-relativistic sets. Relative to the preliminary versions of these basis sets for the heavy group 2 elements that were briefly described in Ref. 9 , the cc-pVnZ-PP sets presented in the current work uncontract a single additional s function. The exponents of the primitives and the contraction coefficients remain the same.
Long-range interactions are likely to be of interest in systems containing alkali and alkaline earth metals; hence, additional diffuse functions have been determined for each basis set to produce sets denoted aug-cc-pVnZ-PP, aug-cc-pVnZ-DK,DK3, and aug-cc-pVnZ-X2C. For the s and p shells, the exponents of these additional diffuse functions correspond to an even-tempered extension of the valence correlating basis based upon the two most diffuse exponents in that shell. For higher angular momenta, the exponent of the additional function is equal to the most diffuse exponent in the existing set divided by 2.5. Overall, a single additional function is added to each shell present in the standard valence basis set. This procedure was found to be more reliable than explicit optimization as was used previously for the lighter elements. These same diffuse functions can be used with the core-valence correlating basis sets described below.
C. Correlating functions-Core-valence correlation, (m−1)sp
Two common methods of adding functions appropriate for core and core-valence correlation effects to standard correlation consistent basis sets have been established. The original method, 41 generally denoted cc-pCVnZ, optimizes additional functions using the sum of the core-core and core-valence (CV) correlation energies as the objective function. A second approach produces weighted core-valence basis sets, ccpwCVnZ, by including only 1% of the core-core correlation energy, which is summed with the total core-valence contribution. It has been found that this weighted approach improves the rate of basis set convergence to the CBS limit with respect to computed thermodynamic and spectroscopic properties. 42 In this work, both variants, cc-pCVnZ-PP and cc-pwCVnZ-PP, have been developed for PP based sets, and only weighted corevalence, cc-pwCVnZ-DK,DK3 and cc-pwCVnZ-X2C, for the all-electron sets. In general, the number of functions added at each zeta-level is (1s1p1d) for DZ, (2s2p2d1f) for TZ, (3s3p3d2f1g) for QZ, and (4s4p4d3f2g1h) for 5Z. The additional exponents were optimized at the CCSD level for the ground state of the neutral atom. To prevent linear dependency problems, at the cc-p(w)CV5Z-PP level, the second HF s and p contracted functions were removed. For the 6s and 7s elements, it was also necessary to remove the contracted d and f functions and to remove the primitive exponents corresponding to the tightest four d and three f functions (that is, those that are being replaced by the specific core-valence correlating functions). In the case of the PP-based basis sets for heavy group 2 elements, the exponents of the core-valence correlating functions were re-optimized from those briefly reported in Ref. 9 , due to the addition of the extra s valence correlating functions detailed above.
Initial testing of the weighted CV basis sets showed that the convergence of spectroscopic properties for diatomics including barium did not meet the expected trend; ccpwCVQZ-PP results were closer to cc-pwCVTZ-PP than to cc-pwCV5Z-PP. To ameliorate this problem, all of the f and g functions in the cc-pwCVQZ-PP basis were optimized in the wCV manner, including those that had previously been held fixed at their optimal valence-only values. The tight-f function described above was also retained. Similarly, all of the f, g, and h exponents in the cc-pwCV5Z-PP basis were (re-)optimized following the wCV procedure. To avoid linear dependency problems with the Ca cc-pwCVQZ-DK set, the exponent of the tightest valencecorrelating function was also optimized for wCV. The allelectron barium sets also required some modifications to show the desired convergence characteristics. First, an additional f function was added to the cc-pVQZ-(DK3/X2C) set and included in the ANO contraction such that the contraction was then composed of 5 core-correlating functions and a single valence-only function. Second, for the cc-pwCVQZ-(DK3/X2C) set, these f primitives were all included in their uncontracted form, and all of the g functions (re-)optimized for wCV.
IV. RESULTS AND DISCUSSION
A. Atomic benchmark calculations
For the group 1 elements, ionization potentials and electron affinities have been calculated using the PP-based basis sets developed in this work and are presented in Table II . Although CCSD with perturbative triples, CCSD(T), was generally used to obtain these properties, calculations using the standard "valence-only" basis sets used a frozen core definition that meant only the ms electrons were correlated and hence the level of theory is equivalent to HF or CCSD for group 1 and 2, respectively. For the sake of brevity, the ccpVnZ-PP basis sets are abbreviated to VnZ-PP in Table II , with additional diffuse functions signified by the prefix "a," and core-valence functions with the usual C or wC prefix. Calculations using core-valence basis sets correlated all electrons not replaced by the PP. The ionization potentials calculated with the VnZ-PP basis sets show very little dependence on basis sets and their large deviation from experimental values is due to the large errors from the frozen core approximation in these cases. Correlation of the outer core electrons greatly improves the calculated ionization potentials, converging rapidly when TZ or larger basis sets are used. Using the weighted core-valence basis sets as opposed to those from the CVnZ-PP sets accelerates convergence towards the limit. For example, the error relative to experiment for the ionization potential of K is 2.9 kcal mol 1 using the cc-pCVDZ-PP basis, but this is reduced to 1.9 kcal mol 1 when ccpwCVDZ-PP is used. The agreement between the experiment and largest basis set result, aug-cc-pwCV5Z-PP, is typically excellent, at roughly 0.1 kcal mol 1 . But, the calculated result for the ionization potential of Fr underestimates the experimental value by 1.15 kcal mol 1 . 43 Some reasons for this relatively large difference are discussed below, but it is possible to rule out errors related to the pseudopotential, as the ionization potential calculated with the aug-cc-pwCVQZ-DK3 basis and the third-order DKH Hamiltonian is 92.65 kcal mol 1 , in excellent agreement with the aug-cc-pwCVQZ-PP result.
The electron affinities of the group 1 elements shown in Table II demonstrate that augmentation of the basis sets with extra diffuse functions is necessary for good agreement with experiment. This is somewhat unsurprising as accurate calculation of electron affinities was the motivation for the original aug-cc-pVnZ family of basis sets; 49 however, it is reassuring for this effect to be reinforced in the current case. It can be seen that as we move down group 1, the effect of correlating the outer-core electrons (comparing aug-cc-pV5Z-PP with aug-cc-pwCV5Z-PP) on the electron affinity increases, from +0.08 kcal mol 1 for K to +1.05 kcal mol 1 for Fr. Agreement with experiment when using aug-cc-pwCV5Z-PP is again excellent in all cases except Fr, where no experimental data are available and the theoretical intermediate Hamiltonian Fock-space value of Landau et al. is used as Ref. 48 . The largest basis set value from the present work is only 0.37 kcal mol 1 lower than that of Landau, which may be attributable to the latter only including correlation at the CCSD level.
The first and second ionization potentials for the group 2 elements Ca-Ra have been calculated at the CCSD(T) level of theory and are presented in Table III . Electron affinities for these atoms are very small; hence, second ionization potentials are used to demonstrate the performance of the basis sets developed in this work and to provide comparison with the lighter group 2 elements Be and Mg. 7 Correlating the (m1)sp electrons is again vital for good agreement with experimental data, and the weighted core-valence sets produce a more rapid convergence towards the limit compared to CVnZ. As with group 1, the largest deviations from experiment occur for the 7s element (Ra), but it should be noted that the present aug-cc-pwCV5Z-PP results for that element are in good agreement with the four-component relativistic Dirac-Coulomb CCSD(T) results of Lim and Schwerdtfeger. 50 To demonstrate the performance of the new all-electron relativistic basis sets, first ionization potentials are presented at the CCSD(T) level in Table IV . Based upon the analysis of the results for PP-based sets, only results using the aug-ccpwCVnZ-DK basis sets (aug-pwCVnZ-DK3 for Cs-Ra) are included. A comparison with Tables II and III shows that Table IV indicate that (m1)d correlation may be important when calculating, for example, thermochemistry of 7s elements; however, it should be noted that these orbitals are replaced by the PP when using ECP78MDF. 18, 19 
B. Molecular calculations
For representative molecular benchmark properties, CCSD(T) calculations have been carried out on three diatomics for each element. Molecules including group 1 elements correspond to the homonuclear diatomic M 2 , the fluoride MF, and the hydride MH. For group 2 elements, the molecules considered are the oxide MO, fluoride, and hydride. For open-shell systems, an ROHF reference is used, with a spin unrestricted treatment at the coupled-cluster level. Calculations with PP Hamiltonians used the cc-pVnZ and cc-p(w)CVnZ sequences of basis sets for non-metal heteroatoms in valence-only and core-valence calculations, respectively. 6, 41, 42 Both DK and X2C relativistic calculations used the cc-pVnZ-DK series of basis sets for H, O and F. 52 All fluorine basis sets were augmented with additional diffuse functions (aug-) 49 to allow additional flexibility in the description of potentially ionic charge distributions. In all cases, the equilibrium bond length (r e ), harmonic frequency (ω e ), and dissociation energy (D e ) were produced for the ground electronic states from nearequilibrium potential energy curves (seven energy points fit with a sixth-order polynomial) and a subsequent Dunham analysis. 53 Estimates of the CBS limit values were obtained by extrapolating QZ and 5Z data, using the procedure of Karton and Martin for the HF energy, 54 and the −3 max based formula for the total correlation energy. 55, 56 
Valence correlation
The calculated spectroscopic constants of the selected diatomic molecules with only the valence electrons correlated (ms electrons for group 1 or 2 elements) are shown in Table V for molecules containing Rb and Fr and in Table VI for Ca and Ba. Analogous data tables for K, Cs, Sr, and Ra are presented in the supplementary material.
The spectroscopic constants for valence-only correlation in Tables V and VI show reasonably smooth convergence towards the CBS limit for the dissociation energy, but the DZ values can be quite far away; for example, the ccpVDZ-PP D e for BaO is greater than 30 kcal/mol below the limit. More importantly, comparison of the calculated CBS spectroscopic constants with experimental data indicates a number of large discrepancies; for group 1 homonuclear dimers, the equilibrium bond lengths are overestimated by 0.2-0.5 Å, MF dissociation energies underestimated by around 50 kcal mol 1 , and underestimation of MH vibrational frequencies can be in the region of 60 cm 1 . Clearly these are unacceptable levels of agreement, which is due to the definition of the frozen-core approximation for these group 1 and 2 elements. In 1986, Bauschlicher et al. noted that the (m1)sp outer core electrons should be correlated to obtain useful results for the alkali and alkaline-earth monohydroxides, 69 with a similar finding noted more recently by Neese and co-workers. 70 Iron et al. also observed that neglecting to correlate the 3s3p for small K and Ca compounds leads "to erratic results at best." 71 This effect goes beyond that expected simply due to core-core and core-valence correlation, as in a number of cases, molecular orbitals formed as a linear combination of outer-core orbitals from the metal with valence orbitals from the heteroatom are treated as (frozen-) core orbitals in the post-HF calculation. Molecular benchmark calculations that correlate the (m1)sp electrons are considered in Subsection IV B 2.
Core-valence correlation
The convergence of calculated spectroscopic constants with both the cc-pCVnZ-PP and cc-pwCVnZ-PP sequences of basis sets is shown in Table VII for the electronic ground state ( 1 Σ + ) of KF. The aug-cc-pVnZ basis sets were used for fluorine, 49 all K electrons not replaced by the pseudopotential were included in the correlation treatment, and the F 1s electrons were not correlated. The effect of correlating the outer-core electrons on the spectroscopic constants is shown in parentheses, and, as expected, convergence towards the CBS limit with respect to zeta-level is faster with the weighted CV sets. However, while the convergence with weighted core valence basis sets is somewhat quicker and overall relatively smooth, the core-valence effect still converges slowly; for cc-pwCVQZ-PP, the effect is relatively well converged in terms of r e and ω e , but the effect on D e is underestimated by 3.57 kcal mol 1 . These results are in good agreement with those of Iron et al. (at the QZ level) both in terms of absolute values of the spectroscopic constants and the effect of outer-core correlation. 71 The overall magnitudes of the core-valence correction to D e in Table VII act as further evidence that correlating the outer-core, (m1)sp, electrons is vital to producing accurate results for chemical systems containing group 1 and 2 elements. In the case of KF, inspecting the reference HartreeFock orbitals reveals that the 3a 1 orbital (in C 2v symmetry) has non-negligible contributions from basis functions centered on both K and F, yet using a frozen-core definition based on valence atomic orbitals means that this orbital is not included in the CCSD(T) treatment. Although less dramatic, Tables S6 and S7 in the supplementary material also show large core-valence effects on r e (0.2402 Å) and ω e (+49.8 cm 1 ) for K 2 ( 1 Σ + g ) and KH ( 1 Σ + ), respectively. The latter results for KH mimic those reported previously using preliminary versions of the present DK basis sets. 72 This and other ample evidence in the literature indicates that meaningful calculations on molecules containing group 1 or 2 elements should always correlate the outer-core orbitals and use a basis set that has been optimized for this purpose, such as the cc-pCVnZ-PP and cc-pwCVnZ-PP sets presented here.
To demonstrate the effectiveness of the new cc-pwCVnZ-PP basis sets, CCSD(T) spectroscopic constants for the diatomic molecules CaO, RbF, and Cs 2 are presented in Table VIII , with data for other homonuclear and heteronuclear diatomic molecules tabulated in the supplementary material. It can be seen that while convergence towards the CBS limit generally follows a regular pattern, the rate of convergence is relatively slow. Extrapolation to the CBS limit shows that results at the 5Z level exhibit basis set errors of up to approximately 8 mÅ in r e , 16 cm 1 in ω e , and 3 kcal mol 1 in D e . Although the extrapolation formulae used to estimate the CBS limits have not been well tested for molecules including elements in this area of the periodic table, comparison of the spectroscopic constants at the extrapolated CBS limit with the experimental data in Table VIII generally indicates excellent agreement. One exception to this is the CBS r e value for Cs 2 , which underestimates the fluorescence spectra derived bond length of Ref. 73 by roughly 21 mÅ. As the internuclear separation in Cs 2 is relatively large, the addition of extra diffuse functions in the form of the aug-ccpwCVnZ-PP sets was also tested for this system, but the estimated CBS limit for r e remained essentially the same at 4.6288 Å. Table VIII, S8 , and S9 all indicate that the spectroscopic constants obtained with the cc-pwCVDZ-PP basis sets are far from the CBS limit/experiment, and larger basis sets should be used for reliable results. In particular, r e and ω e for RaO at the cc-pwCVDZ-PP level (see Table S9 in the supplementary material) are poor, with the TZ quality basis set reducing the bond length by almost 0.5 Å and the harmonic frequency by over 600 cm 1 . Combined with the slow, but regular, convergence to the CBS limit, it is clear that large basis sets, and preferably CBS extrapolation, should be used for diatomics containing heavy alkali or alkaline earth elements.
Scalar relativistic effects
In this work, the exponents of the primitive Gaussian functions in the all-electron basis sets were optimized using the DKH2 Hamiltonian for 4s and 5s elements, with the DKH3 Hamiltonian used for 6s and 7s. The same orders of DKH were used for these elements in the calculation of spectroscopic constants for the hydrides and fluorides shown in Tables IX and X, respectively. As it has been established above that outer-core correlation is vital to producing accurate data, only results using the cc-pwCVnZ-DK series of basis sets (and correlating the outer-core electrons on group 1 and 2 elements) are presented. Also shown are the differences in the spectroscopic constants relative to those obtained using the PP based basis set at the same zeta level, calculated as the PP result subtracted from the DKH value (denoted ∆PP). It should be noted that this comparison is not entirely a straightforward measure of the PP approximation, for example, the PPs have been adjusted based upon four-component results that include Breit interaction terms, 18, 19 but the Breit interaction is not included in the present DKH values.
For the hydrides in Table IX , it can be seen that convergence of the DK spectroscopic constants towards the CBS limit is slow, much as it is for the PP based basis sets. At the QZ level, there is reasonably good agreement with available experimental data. [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [73] [74] [75] [76] [77] In the absence of experimental data for FrH and RaH, the present results can be compared to theoretical results of Koga et al., 22 which also used CCSD(T) with a DKH3 Hamiltonian. These NOSeC-CV-qzp results fall somewhere between the cc-pwCVTZ-DK and cc-pwCVQZ-DK values of the present work, suggesting that the NOSeC-CV sets also converge slowly towards the CBS limit, potentially overestimating r e and underestimating D e . There is good agreement between the two QZ level results for ω e , indicating they would converge to approximately the same value. Turning to the difference between PP and DK results, ∆PP is typically small for r e and D e , although the DZ level change in equilibrium bond length does reach a maximum magnitude of 1.81 pm for RaH. The change in ω e is also large at the DZ level, and in a number of cases, the difference at the QZ level can be in the region of 5.0 cm 1 . A comparison of ∆PP between outercore and valence-only (see Table S10 in the supplementary material) spectroscopic constants shows poor agreement, which is unsurprising given the large impact of outer-core correlation outlined above.
The results for the fluorides in Table X follow many of the same trends as for the hydrides; the basis set convergence is slow, but systematic in terms of r e and D e , with relatively good agreement between QZ and available experimental data. Again, there are no experimental data available for the diatomics containing Fr or Ra, and previous theoretical data for FrF overestimate the bond length and underestimate the dissociation energy. Although the work of Koga et al. lists spectroscopic constants for RaF, 22 they are exactly the same as those for SrF and thus have not been included in Table X . An inspection of the ∆PP differences at the QZ level shows that the magnitude of the effect on r e is in the region of 2-10 mÅ, 0.1-2.4 cm 1 on ω e , and 0.06-1.30 kcal mol 1 for D e .
Table XI displays the spectroscopic constants for the ground states of CaO, RbF, and Cs 2 calculated using the X2C scalar-relativistic Hamiltonian. For the group 1 or 2 elements, the basis sets developed in this work, and contracted specifically for use in X2C calculations, have been used, with cc-pVnZ-DK and aug-cc-pVnZ-DK basis sets for oxygen and fluorine, respectively. 52 To demonstrate the difference in calculated spectroscopic constants due to choice of scalar-relativistic Hamiltonian, the values in parentheses show the change relative to DKH calculations using the DKH basis sets (DKH result subtracted from X2C). Although changes in absolute energies can be reasonably large, it can be seen for the systems chosen, the effect on the spectroscopic constants is insignificant relative to the large basis set effect.
V. CONCLUSIONS
Correlation consistent basis sets have been developed for the heavy alkali (K-Fr) and alkaline earth (Ca-Ra) metals, one series (double-to quintuple-zeta quality) is based on the small-core relativistic PPs of Lim et al., 18, 19 while scalar-relativistic all-electron sets (double-to quadruple-zeta) have been optimized and contracted for either DKH or X2C Hamiltonians. Sets for valence (ms) correlation are denoted cc-pVnZ-PP and cc-pVnZ-(DK,DK3/X2C), and sets for outercore (m1sp) and valence correlation are reported that are denoted cc-pwCVnZ-PP and cc-pwCVnZ-(DK,DK3/X2C). In the PP case, basis sets optimized using an older style corevalence objective function are also presented and are denoted cc-pCVnZ-PP.
Coupled cluster benchmark calculations have been carried out for ionization potentials and electron affinities of the alkali metals and for the first two ionization potentials of the alkaline earth metals. Correlation of the outer-core electrons is important for the accurate calculation of IPs, while augmentation with additional diffuse functions was necessary to produce reliable EAs. The new sets have also been used in extensive calculations of spectroscopic constants for diatomic molecules. In all cases, at least one of the properties of equilibrium bond length, harmonic frequency, or dissociation energy was strongly affected by correlation of the outer-core electrons of the group 1 or 2 elements, indicating, perhaps unsurprisingly, that these electrons should be routinely correlated. The convergence of the spectroscopic properties towards the CBS limit was slow, and extrapolation to the CBS limit using QZ and 5Z quality basis sets was necessary for good agreement with experimental data. The all-electron basis sets (-DK and -DK3) were also used in calculation of spectroscopic constants for the group 1 and 2 hydrides and fluorides, with much the same trends observed as in the PP-based calculations.
The basis sets developed in this work are provided in the supplementary material and will also be made available from the correlation consistent basis set repository, 78 as well as the basis set library of molpro. 30 
SUPPLEMENTARY MATERIAL
See supplementary material for Tables S1-S11, which provide additional details on the basis set compositions of this work, and more extensive CCSD(T) benchmark calculations. All of the basis sets of this work are also included.
